The sequence specificity of hammerhead ribozyme cleavage has been re-evaluated with respect to the NUH rule. Contrary to previous reports it was found that substrates with GAC triplets were also cleaved. This was established in three different sequence contexts. The rate of cleavage under single turnover conditions was between 3 and 7% that of cleavage 3′ of GUC. Specificity of cleavage of substrates containing a central A in the cleavable triplet can be described as NAH, where N can be any nucleotide and H any nucleotide but G. As cleavage 3′ of NCH triplets has recently been described, the NUH rule can be reformulated to NHH.
INTRODUCTION
The sequence specificity of the hammerhead ribozyme is reported to be NUH, where N is any nucleotide, U is uridine and H is any nucleotide except guanosine (1) . In the course of attempts to obtain ribozymes with different cleavage specificities by in vitro selection we also considered selecting for a ribozyme with an adenosine in the central part of the NUH triplet (2, 3) . On designing the substrate sequences for the selection protocol we discovered, to our surprise, that cleavage by the conventional hammerhead ribozyme could also occur 3′ of the GAC triplet. This observation encouraged us to re-investigate the sequence specificity of the hammerhead ribozyme reaction in more detail. The results of this study permit an expansion of the NUH rule, including A as the central nucleotide for cleavable triplets.
While this work was in progress we became aware of another study in which the central U was changed to cytidine with a concomitant change of the complementary A in the ribozyme to inosine (4) . Thus the NUH rule could be rewritten as NHH, where H can be any nucleotide but G.
MATERIALS AND METHODS

Materials
Substrates and ribozymes were synthesized on an Applied Biosystems 394A DNA synthesizer. Phosphoramidites were obtained from PerSeptive (Hamburg, Germany). Purification of oligonucleotides was as reported previously (2, 5) . [γ-32 P]ATP (sp. act. ∼5000 Ci/mmol) was from Amersham Buchler GmbH. T4 polynucleotide kinase and 10× reaction buffer (700 mM Tris-HCl, pH 7.6, 100 mM MgCl 2 , 50 mM DTT) were purchased from New England Biolabs. Siliconized Eppendorf tubes were obtained from Biozym Diagnostik (Germany). Cellstar Micro-Plate TC sterile were from Greiner Labortechnik. X-ray films (X-Omat XAR-5) were purchased from Kodak. Radioanalytical scanning was performed on a Fuji BAS 2000 Bio-Imaging Analyzer.
Cleavage kinetics
Single turnover (STO) cleavage rates k cat′ and K m′ were determined with 5′-32 P-labelled substrate. Rates were determined from the initial phase by increasing the ribozyme concentration until a plateau was reached. Stock solutions of 5′-32 P-labelled substrate and non-radiolabelled ribozyme in 50 mM Tris-HCl, pH 8.0, were heated separately at 90_C for 1 min, then cooled to 37_C for 15 min, followed by addition of MgCl 2 to a final concentration of 10 mM. Reactions were initiated by addition of ribozyme solution to the solution of substrate and were carried out in a final volume of 50 µl at 37_C. However, some reactions were carried out at pH 7.5 at 25_C. Final concentrations of ribozymes ranged from 50 to 500 nM and substrate was 25 nM. A complete progress curve of cleavage of construct I was determined with 25 nM substrate and 500 nM ribozyme. Multiple turnover reactions to determine k cat and K m at pH 8.0 and 37_C were conducted with ribozyme concentrations ranging from 2.5 to 25 nM and those of substrate from 50 to 500 nM. Aliquots were removed for analysis at different time points and the reaction was quenched by addition of an equal volume of stop mix (7 M urea, 50 mM EDTA, 0.05% xylene cyanol and 0.05% bromophenol blue) in Micro-Plates with subsequent snap cooling on ice. Substrate and products were separated on a 20% polyacrylamide-7 M urea denaturing gel and analysed with a Bio-Image Analyzer. The extent of cleavage was determined from measurements of radioactivity in the substrate and the 5′ product bands. Data were fitted to the Michaelis-Menten and Eadie-Hofstee equations by KaleidaGraph (Synergy Software, Reading, PA). Values given in Tables 1 and 2 (Fig. 1 , construct I, and Table 1 ). It was established that cleavage occurred after C by gel electrophoretic comparison with cleavage 3′ of the GUC triplet. Both product bands had the same mobility (data not shown). A complete progress curve of cleavage of construct I showed that it proceeded with a single rate constant to ∼35% and with a slower rate up to 70% cleavage (Fig. 2, A and B inserts) . The multiple turnover rate k cat was 0.09/min. The difference from the single turnover rate has to be explained by a contribution of the product release step, because of the extended base pairing in helix III. Following the reactions for up to 60 min, 25% of the substrate was cleaved with a single rate constant.
A mutational analysis of the triplet in construct I indicated that H 17 could be changed to adenosine with only a slight effect on activity, to a k cat′ value of 0.28/min, whereas a change to uridine resulted in a reduction of k cat′ to 0.06/min and to guanosine in a loss of activity. The mutational analysis was extended to position 16.2 in the context of NAC (Table 1) . A clear preference for a purine nucleoside in this position became evident, with 0.39/min for adenosine, compared with 0.35/min for guanosine. Substrates with uridine and cytidine in this position of the NAC triplet had k cat′ of 0.05 and 0.09/min, respectively. In order to ascertain that construct I was not unusual and still accepted uridine at the central position 16.1 of the substrate, this position was permutated to all four nucleotides in the GNC context. Changes to cytidine and guanosine resulted in very poor cleavage, with k cat′ of 0.007 and 0.002/min, respectively, whereas with uridine the rate was highest, with a k cat′ of 4.24/min. This value is not very accurate, as cleavage was too fast to collect sufficient data at early time points. This GUC triplet is, of course, the classical substrate which has been examined extensively in the HH16 ribozyme (6) . As our cleavage conditions at pH 8 and 37_C differed from those used by colleagues at pH 7.5 and 25_C, we also performed cleavage under these conditions for comparison. We obtained a k cat′ of 2.07/min, which is in good agreement with 1/min reported by them for HH16. We extended the rate determinations in construct I to GUU, GUA and GUG (k cat′ of 1.06, 3.74 and <0.0001/min, respectively) to compare the influence of the third nucleotide in conventional GUH cleavage with that of GAH.
As there was the possibility that cleavage 3′ of GAC and GAA might be sequence-dependent we also incorporated these triplets into the well-characterized ribozyme HH16 (construct II) (6) . The rate of cleavage 3′ of GAC and GAA with k cat′ of 0.11 and 0.19/min, respectively, were somewhat lower than those seen in construct I (Table 2 ). Cleavage 3′ of GUC, established for comparison, had a k cat′ of 8.0/min, but again cleavage was too fast to be determined precisely. Conditions at pH 7.5 and 25_C, as used by Hertel et al. (6) , gave a k cat′ of 1.05/min, which is identical to their value. K m′ values were mainly determined to assess ribozyme saturation. Because of the length of helices I and II, the rapid pre-equlibrium for ribozyme-substate complex formation as required for Michaelis-Menten kinetics might not be met. The K m′ values varied between 13 and 97 nM for substrates with GAH and NAC triplets, where N was U, C or A in construct I, and were considerably lower than those for GUH triplets, where K m′ values varied between 228 and 271 nM at pH 8.0 and 37_C (Table 1 ). An exceptionally high K m′ value (696 nM) was observed for cleavage 3′ of GUC, determined with ribozyme concentrations up to 1000 nM. This K m′ was also determined at pH 7.5 and 37_C as 140 nM and at pH 8.0 and 25_C as 371 nM, indicating mainly a dependence on pH.
The observation that adenosine at position 16.1 is tolerated as a substrate is contrary to two previous reports. Cleavage has been reported to be extremely slow 3′ of GAC with ribozyme construct III, with a k cat′ of 0.002/min, and thus is essentially uncleavable (7). We repeated these experiments under identical conditions, i.e. at pH 8.0 and 37_C, and found a rate of 0.085/min. Similarly, a substrate with a GAC triplet, which was hybridized to the ribozyme by helices I and III, in the form of transcripts of 75 nt each, was reported to be resistant to cleavage (8) . In order to test this finding, we reduced the construct so that ribozyme and substrate formed helices I and III with 7 and 6 bp, respectively (construct IV). The GAC substrate was cleaved very well, with a k cat′ of 0.52/min, comparable with cleavage of GAC in construct I.
DISCUSSION
All naturally occurring self-cleaving hammerhead structures in plant pathogenic RNAs have a uridine in the central position of the triplet sequence (9) . Initial mutational studies to determine the specificity of the hammerhead reaction did not include the central uridine of the triplet until a thorough study was performed (7). The study was based on a complex where ribozyme and substrate oligoribonucleotides had been annealed via helices I and II and which had a 3 bp helix III (Fig. 1, construct III) . In this structure changes from uridine to any other nucleotide resulted in a very slow cleavage rate, with a k cat′ of 0.002/min. We, however, determined a k cat′ of 0.085/min for the GAC-containing substrate, a considerably higher rate. It has been reported that it is more difficult to find substrate and ribozyme sequences for the construction of I-II complexes than for the more conventional I-III complexes, as the former tend to form stable alternative conformers (10) . Because of this complication the authors pointed out that the particular construct III (Fig. 1) is unsuitable for studies involving mutant or chemically modified hammerheads. Indeed, we found by native gel analysis that substrate and ribozyme with the GAC triplet sequence only formed a complex to ∼45%. It might well be that the poor cleavage reported 3′ of GAC was caused by complications in formation of a kinetically competent complex (10) .
In another study where the GAC triplet was tested, the substrate and ribozyme were part of two transcripts of ∼75 nt each (8) . No cleavage 3′ of the GAC triplet was observed by these authors. However, re-investigating this finding with a ribozyme-substrate complex of the same sequence but with shorter helices I and III (construct IV), the substrate with the GAC triplet was cleaved quite well, with a k cat′ of 0.52/min. It is unclear at present what the origin of this discrepancy is, but presumably it is also a result of unfavourable folding of the transcripts. However, as in the case of construct III, other changes in the triplet reported in that publication comply with the general NUH rule.
Although several subsequent publications have investigated the cleavage efficiency of various substrate permutations of the NUH type, none seems to have questioned that uridine is an invariant nucleotide (11, 12) . Thus, our observation that a substrate with a GAC triplet could be cleaved in construct I (Fig. 1) came as a surprise. Cleavage was not limited to this particular triplet, but also extended to GAA and GAU, but not to GAG. Substrate cleavage with GAC and GAA triplets were also tested in the sequence context of the well-established ribozyme HH16 (construct II) (6), where they also supported cleavage, indicating that A as the central nucleotide is a more generally tolerated sequence. The time dependence of cleavage with the GAC triplet in construct I indicates that the kinetics cannot be described by a single rate constant beyond 35% cleavage, indicating that more than one conformation must be present, one of which is cleaved more slowly (Fig. 2) .
The cleavage rates for the GAH triplets in construct I differed, with GAC > GAA > GAU. The same hierarchy was seen for GUH (Table 1) . This is in agreement with observations by others (11) (12) (13) . Even though the absolute values are not the same from the various studies, it is clear that there is an influence by the third nucleotide and the ranking of cleavage efficiencies for NAH is in general agreement with that found with the NUH triplet. The cleavage rate 3′ of the GAC triplet in construct I at pH 7.5 and 25_C is ∼7% of that 3′ of the GUC triplet. A comparison of rates determined under these conditions is more reliable than those obtained at pH 8.0 and 37_C. In construct II (HH16) the difference is larger, with the rate for GAC cleavage only 3% that of GUC under identical conditions. Thus these rates fall into the same order as those for GUU cleavage, which are ∼5% of those for GUC cleavage (7, 12) .
It is interesting to inspect the X-ray structures of the hammerhead ribozyme to see how the new U 15.1 A 16.1 base pair can be accommodated (14) . The X-ray structure provides evidence that of the two potential H bonds in the U 16.1 A 15.1 base pair, only one, between the 4-keto group of U 16.1 and the 6-amino group of A 15.1 , is formed in the conventional type hammerhead. The distance for the second is not commensurate with formation of such a bond. The 2-keto group of U 16.1 is also involved in interactions with the A 6 ribose. Changing the U-A base pair to an A-U base pair retains the potential for H bonds between the two nucleotides, although with inversion of polarity. However, it is difficult to imagine that the interactions of U 16.1 with the A 6 ribose could be maintained by A 15.1 or compensated for by similar interactions with U 16.1 . Of course, other interactions could be possible which are not seen with the GUC triplet. However, the lower activity for cleavage of GAC-containing substrates than those containing GUC triplets indicates that formation of the transition state for the former is more difficult than for the latter. The change of the U 16.1 A 15.1 base pair to a C 16.1 I 15.1 base pair without loss of activity is more conservative, as the H bond pattern has been retained, except for the inverted polarity, and the pyrimidine nucleoside 2-keto function is still in place (4) .
As the exocyclic functional groups of the original U 16.1 A 15.1 base pair are now exchanged without complete loss of activity, it is unlikely that they are active participants in catalysis. Thus the interactions seen in the X-ray structure for U 16.1 might be silent, in that they do not contribute to either binding and/or formation of the transition state. This is another example of the notion that not all interactions seen in the X-ray structure are necessarily important for the reaction. This has been assumed before because of some inconsistencies between chemical modification studies and the X-ray structure (15, 16) . It has been particularly nicely demonstrated for U 7 , which can be replaced by a pyridin-4-one nucleoside with an increase of catalytic efficiency even though it cannot entertain the H bonds found for this uridine (17) . Now that it has been established that position 16.1 can be either uridine, adenosine or cytidine, the question arises in what way these nucleotides differ from guanosine, which is not tolerated. The cause for the lack of cleavage of NUG triplets has been explained in part by the formation of three H bonds, with C3 locking the molecule in an inactive conformation, and an additional destabilization of the transition state (18) . There is at present no data for NGH triplets which would permit an explanation of why G is not tolerated at this position, but it might well be that there is again at least a contribution by the three H bonds to stabilization of the ground state.
Even though the rates for cleavage of NAH-containing substrates are considerably lower than for NUH substrates, we suggest, in conjunction with the data presented for cleavage of NCH triplets (4), reformulation of the NUH triplet specificity of the hammerhead ribozyme to NHH, where H can be any nucleotide except G. This expansion of the cleavage specificity increases the application of the hammerhead ribozyme for inhibition of gene expression, as more sites in the mRNA can be targeted. Even though it might be considered a marginal extension, as only a few sites of a mRNA are generally accessible for annealing of oligonucleotides, this expansion of the triplet rule could be a considerable advantage (19, 20) .
